The controversy as to whether or not fatty acids can be converted into carbohydrate in the animal body is one which has been productive of much fruitful work as well as many heated debates on the part of physiologists. The chief interest of this question for the clinician lies in its application to the interpretation of diabetes. Increasing attention is being paid to this subject, as evidenced by two editorials'2 which appeared in the Journal of the American Medical Association, calling attention to the conflicting theories of this disease. The usually accepted theory, that its symptoms are due to a failure of carbohydrate oxidation, has been challenged by a school which holds that insulin deficiency results in quite a different alteration in metabolism, namely, a production of sugar from fat so rapid that oxidation of the carbohydrate cannot keep up.
Lusk26, who was one of the leading exponents -of the "nonoxidation" theory of diabetes, has been upheld by most of the workers in this field in this country. Richardson"5, Rapport"4, Cori7, and Carpenter2 have published review articles in which, after weighing the evidence on both sides, they have come to the conclusion that it favors the "non-oxidation" hypothesis rather than the "overproduction" theory. The latter, however, has able and ardent defenders, including Geelmuyden'8 and Macleod27 28, and it is certainly worthy of serious consideration. The fact that these authors, in their books and reviews cited, have covered this subject thoroughly up to 1930, and to a considerable extent later than that, would make the present article quite unnecessary unless it could accomplish two things: first, to condense the arguments and the principal means of attack on this difficult problem for the benefit of readers who lack time to digest all the details; second, to discuss some of the most recent experimental work which has a bearing upon the subject.
In presenting this discussion we will first define the two opposed theories, and will follow this with a summary of such evidence as can be adduced from studies on the respiratory quotient, on the dextrose/nitrogen ratio, and on other experimental procedures induding those on fat feeding.
Many relevant papers have been omitted because they have been thoroughly discussed in one or more of the review articles already mentioned. On the other hand, the bibliography includes a few papers published in 1931 and 1932 which are not here discussed.
Definitions
The "non-oxidation" theory may be summarized as follows: Diabetes is due to impairment of the -ability to oxidize carbohydrate. In an extreme case, for example, the depancreatized dog, complete absence of insulin results in abolition of all glucose combustion. Energy, both for resting metabolism and for muscular activity, may be furnished by the oxidation of fat. The characteristic hyperglycemia is an indication of the non-utilization of carbohydrate, while the glucose arising from the residual glycogen stores, from ingested carbohydrate, and also from ingested or body protein, is excreted quantitatively if the animal is completely diabetic.
The "overproduction" theory holds that the hyperglycemia and glycosuria in diabetes are due to an unduly great production of glucose from fat, the transformation possibly taking place in the liver. According to this hypothesis, oxidation of carbohydrates still occurs even in completely diabetic organisms. In fact, it has been claimed that muscular contraction can take place only at the expense of energy derived from the combustion of carbohydrates or carbohydrate-like substances. The last argument, however, has lost much of its potency in the light of considerations which will be discussed later. It follows that the action of insulin is considered by the one school to be a promotion of In actual observations, when proper precautions are taken with regard to accuracy of measurements and a uniform physiological state of the subject, the great majority of respiratory quotients lie between 0.70 and 1.00 in normal subjects. It happens that protein oxidation in the body has an R.Q. of about 0.8, and by obtaining the urinary nitrogen output, it is possible to calculate the CO2 and oxygen concerned in protein metabolism for the given period. By subtracting these from the total volumes, the "non-protein" respiratory quotient is obtained. Details of the calculations are given by Lusk26 and by Richardson35.
The application of the foregoing paragraph to the matter at hand appears in the contrast between the range of respiratory quotients found in normal patients and animals, and that in diabetes. Whereas the non-diabetics have non-protein quotients indicating the combustion of varying amounts of fat and carbohydrate, depending largely on the previous diet, the R The explanation of quotients below 0.7 will follow somewhat later. At this point all that need be said is that unless the R.Q. is below 0.655 it is not necessary to postulate the conversion of fatty acid to carbohydrate in order to explain it. The exponents of the "non-oxidation" theory consider the great number of fasting diabetic quotients which fall within the range illustrated in Table I to be a telling argument for their hypothesis. Equally important is the fact, established by numerous experiments, that ingestion of either fat or carbohydrate food does not raise the R.Q. above the level of fasting. This indicates that oxidation of carbohydrate in the diabetic is not stimulated either by an excess of this foodstuff or by supplying fat.
The opposing school protests against this interpretation on the ground that it makes an assumption that all, or a large part, of the reactions in the body involving the exchange of oxygen and carbon dioxide are combustions. Cathcart and Markowitz3 present an able discussion of the objections to this assumption, not referring specifically to diabetes, but to the interpretation of the R.Q. in general. Their view-point is that these gases represent only the beginning and end products of a complex series of reactions, involving not only oxidations, of the type of equations ( 1 ) and (2), but also transformations such as those illustrated by the other equations. (Another common example would be the production of urea, in which, for every two molecules of ammonia from the deamination of amino acids, a molecule of CO2 is eliminated and thereby subtracted from the respiratory exchange. This is taken into account in the calculation of non-protein quotients.) The Before leaving the subject of the respiratory quotient, it is necessary to refer to the interpretation of quotients lower than 0.7. Richardson35 has calculated-the influence of the loss of betahydroxybutyric acid and other ketone bodies upon the R.Q. in diabetes, and has found that this factor could reduce the R.Q. to as low as 0.655. In discussing the evidence from the R.Q. on the question of carbohydrate formation from fat, he states, "Considering the extent to which the respiratory metabolism in diabetes has been studied, quotients below the theoretical minimum are unusual and offer scant support for the theory of neoformation of carbohydrate." Among the lower quotients described in the literature, however, must be mentioned those of Hawley and Murlin20 observed in human subjects on high-fat diets. Some respiratory quotients as low as 0.63 were obtained, and even when corrections were made for excretion of acetone bodies and acid-base changes, the quotients were still below the fat level. These results, however, are entirely different from those obtained by Gregg"6 in the same laboratory on fat-fed rats. These experiments will be discussed later.
The dextrose/nitrogen ratio
To Minkowski30 belongs the credit for the discovery that in a fasting or meat-fed depancreatized dog there is a quantitative relationship between the amount of sugar and the amount of nitrogen in the urine. He found that when the glycogen stores had become depleted, the dextrose/nitrogen ratio lay between 2.6/1 and 3.1/1, with an average of 2.8/1. This can be explained on the hypothesis that a definite fraction (45 per cent) of catabolized protein is convertible into glucose which cannot be utilized and is, therefore, excreted. The quantitative excretion of ingested glucose is also observed in depancreatized animals. The Minkowski value of 2.8 has been confirmed so repeatedly that it has become almost axiomatic among those physiologists who are convinced that the diabetic does not oxidize sugar nor form sugar from fat. Those who take the opposite view, however, question not only the interpretation but the fact of the constancy of the D/N ratio. The list shown in Table II includes experimental results, and observations on patients, compiled from work cited by Lusk26 and by Rapport34, with a few additional instances for which references are given. It is interesting to note that the D/N ratio in severe diabetes in human beings observed in the days before insulin therapy was known, was about 3.65, which would indicate that in these patients 58 per cent rather than 45 per cent of protein served as a source of glucose. Values for human subjects are reliable only when the diet is strictly supervised, and some high D/N ratios reported in patients were criticized by Lusk26 on the ground that there was probably surreptitious ingestion of carbohydrate food. I A number of figures are quoted for animals injected with phlorhizin. Such animals are not truly diabetic, but become glycosuric because their kidneys lose temporarily the ability to reabsorb glucose. Wierzuchowski40 has found that the phlorhizinized dog is able to oxidize small amounts of carbohydrate. However, such animals have constant D/N ratios, and excrete over 90 per cent of ingested sugar, and therefore they have served as convenient living test-tubes, as it were, for determining the amount of glucose derivable from glycerol and from various amino acids.
In the older experiments2", and even as late as 19264°, phlorhizin produced in the dog a D/N of 3.65, similar to that of the human diabetic, while since that time, for a reason unknown but which may be due to a difference in the purity of the drug now available, the D/N ratio of the phlorhizinized dog is about 2.8', similar to that of the depancreatized dog, and to that formerly observed in rabbits and members of other species. This difference need not alter the interpretation that in each case the source of the sugar in the urine is protein, inasmuch as protein ingestion does not change the ratio, but increases the dextrose and the nitrogen output proportionately. Additional support for the belief that the Minkowski ratio in the depancreatized dog is a true result of protein metabolism as it occurs in the diabetic-i.e., with quantitative loss of a definite fraction of protein in the form of glucose which cannot be oxidized-is offered by the work of Ralli, Canzanelli and Rapport33. These authors calculated, from figures available from various sources as to the amino acid content of three common proteins, the amount of glucose which should theoretically be derived from them, and from this, the theoretical D/N and R.Q. Their results for meat protein were: D/N, 2.7; R.Q. 0.73. This theoretical R.Q. was confirmed by the fact that in depancreatized dogs which were fed large amounts of meat the average observed R.Q. was 0.72.
The largest variation in the D/N ratio is found in still another type of experimental subject, the depancreatized dog which has been allowed to recover from the operation under a regime of light doses of insulin, with a diet of meat, sucrose and raw pancreas, or some similar combination of foods. After periods which may last in some instances for several months, insulin is withdrawn from the animal and observations are made. The second and third days without insulin are characterized by D/N ratios considerably higher than the Minkowski level. This may be explained in part by the possibility that complete exhaustion of the glycogen deposits requires a longer time in some individuals than in others, and may be delayed in animals which have been fed diets containing a liberal amount of carbohydrate and have been given insulin for periods of months. Low D/N ratios are rare and usually appear when the animal is moribund. Soskin39 claimed that retention and utilization of sugar was proved by his experiments in which very variable D/N's and R.Q.'s were obtained. In commenting upon this work, Cori7 contrasts it with that of Wierzuchowski40 on phlorhizinized dogs, in which that part of the ingested sugar not found in the urine was accounted for by the rise of the R.Q. He says of Soskin's39 results, "Lack of correlation . . . makes it difficult to interpret these experiments."
In other experiments reported by Soskin38, in which he gave lecithin to 13 depancreatized dogs, and in 3 obtained "extra sugar", the R.Q. in 2 of them was not correspondingly reduced as it should have been if the phosphatide was the source of extra carbohydrate. It was observed by Gregg"7, after intravenous infusion of lecithin into normal dogs, that there was no calorigenic action and no lowering of the R.Q. below the basal level of 0.85 to 0.94, and he concluded that there is no evidence that lecithin serves as an intermediary in normal fat metabolism. Page and Young3" introduced the same phosphatide intravenously into phlorhizinized dogs, in which glucose given by the same route had previously been completely recovered, and obtained no increase in sugar output after lecithin.
In the many experiments in which dextrose/nitrogen ratios have been observed, the fact that the ratio is unaffected by fat feeding, and by procedures which increase fat metabolism such as exercise or exposure to cold, makes it appear unlikely that carbohydrate can be formed from fat. On the other side, experiments in which extra sugar appeared after epinephrine injections have been cited, in which the source of the sugar must have been either fat or residual deposits of glycogen. Chaikoff and Weber5 believed that they obtained more sugar from depancreatized dogs 4 days after withdrawal of insulin than could be accounted for by all possible sources except fatty acid. However, other investigators, cited by Lusk26, obtained extra sugar only after the first dose of epinephrine, and then in quantities which could be accounted for by the forcing out of glycogen from the tissues. Chambers The experiments of Hawley"9, who showed that in cases of great emergency, as in the phlorhizinized dog whose blood sugar has been further reduced by insulin, fat is unable to supply the sugar needed to save the animal from hypoglycemic shock, are very suggestive. The body of evidence from insulin action is beyond the scope of this 369 paper. Cori7, who favors the "non-oxidation" hypothesis, has reviewed this subject thoroughly, while the point of view of the "overproduction" school is ably presented by Geelmuyden"3.
Conclusions
The theory that the respiratory quotients near the theoretical fat-combustion level, obtained in complete diabetes, indicate that in this disease carbohydrate oxidation ceases, has been opposed by a school which holds that in the diabetic carbohydrate combustion is not impaired, but is accompanied by an overproduction of sugar from fat. The former theory includes the belief that the sugar excreted in this disease is derived from protein, the glycerol fraction of fat, and from stored or ingested carbohydrate, while the second theory declares that, in addition to these materials, fatty acid can also serve as a source of glucose.
In spite of the large mass of evidence which has been marshalled on both sides of this controversy, the case is still open. Suggestive as many of the methods of attack are, no experiment has been reported which is really crucial. The former stronghold of the "overproduction" school, the claim that muscular exercise requires only carbohydrate as its fuel, must be largely abandoned for lack of evidence, while there is ample support for the belief that fat can be directly oxidized in the contracting muscle. The evidence from the study of the R.Q. and the D/N ratio may be logically interpreted to indicate the non-combustion of carbohydrate during diabetes. Results from fat-feeding experiments in normal animals are, on the whole, contrary to what would be expected if the fatty acid fraction of the fats could serve as a source of carbohydrate. Therefore, it would seem that the weight of evidence is against the probability that fatty acids are converted into carbohydrate in the animal body. 
